Graphene, a monolayer of carbon atoms packed into a honeycomb lattice, continues to attract immense interest, mostly because of its two-dimensional stability, unique band structure and other unusual physical properties 1 . In particular, cutting graphene along two high-symmetry crystallographic directions produces quasi-one-dimensional periodic strips of graphene with armchair or zigzag edges, usually referred to as graphene nanoribbons (GNRs). The zigzag edge GNR (ZGNR) is theoretically predicted to be magnetic with two spin-polarized edge states, which are ferromagnetically ordered but antiferromagnetically coupled to each other through the graphene backbone [2] [3] [4] , while the armchair edge GNR (AGNR) is found to be nonmagnetic. The interedge magnetic coupling in ZGNRs has attracted considerable attention [3] [4] [5] [6] . Antiferromagnetic coupling of the two zigzag edges in ZGNR can be explained in terms of interactions between the magnetic tails of the edge states 3 , since the C atoms always stand at the opposite sublattices of GNR at the two zigzag edges. The magnitude of the interedge magnetic coupling shows a w −2 dependence as a function of the ribbon width w 5, 6 . Most of the studies of interedge magnetic coupling on GNRs focus on ribbons with zigzag edges and hydrogen terminations. We have previously reported that metal terminated GNRs can also exhibit magnetics behavior 7 . Furthermore, GNRs with ferromagnetically coupled edges terminated with transition metals show high degree of spin polarization at the Fermi energy, and thus can be excellent candidate for spintronic applications. The interedge magnetic coupling in Fe terminated ZGNRs has also been studied by Ong et al. 8 very recently, showing that the coupling is antiferromagnetic and the strength decreases with increasing ribbon width.
For a full understanding of the interedge magnetic coupling in TM-GNR systems, in this paper, we present a firstprinciples study of zigzag and armchair GNRs terminated with Fe, Co and Ni 3d transition metals, focusing on the width dependence of the magnetic coupling between two edges. Interestingly, the behavior of interedge magnetic coupling is found to differ significantly with different type of metal terminations or ribbon edges. We also find a damped oscillatory behavior of interedge magnetic coupling and the oscillation period is determined by the critical spanning vector which connects two Dirac points in the graphene Brillouin zone. The electronic structure calculations are performed using density functional theory implemented in the plane-wavebasis-set Vienna ab initio simulation package (VASP) 9 . Each ribbon is simulated within a supercell geometry containing 4 metal atoms at two edges, as shown in Fig. 1 . A large vacuum spacing of 15 Å is used between two edges and between two graphene planes to prevent interaction between adjacent images. Projector augmented wave (PAW) potentials with kinetic energy cutoff of 500 eV are employed in all simulations. For the exchange and correlation functional we use the Perdew-Burke-Ernzerh generalized gradient approximation 10 . Brillouin-Zone sampling is done on a grid of 36 × 1 × 1 Monkhorst-Pack 11 k-points along the periodic direction of the ribbon for ZGNRs and 40 × 1 × 1 for AGNRs. The Gaussian smearing method is used to treat partial occupancies, and the width of smearing is chosen to be 0.1 eV for geometry relaxations. The geometries are optimized until all forces on all ions fall below the threshold value of 0.01 eV/Å. To obtain accurate magnetic configurations and ensure high accuracy in Table I . The difference between E b and E chain formation represents a direct binding between the TM and carbon atoms at the ribbon edge. It is clearly shown that for all cases the metal atoms bond strongly with edge carbon atoms.
Next we examine the magnetic structures and couplings between the magnetic moments in the ribbon edges. Three states with different spin configurations of the TM terminations are considered: (i) antiferromagnetically ordered spins at each edge of the ribbon, denoted by AFE, (ii) ferromagnetically ordered spins along both edges with the same spin direction, denoted by FM, and (iii) ferromagnetically ordered spins at each edge with the opposite spin directions between the edges, denoted by AF. Total energy calculations are performed to decide the ground states of the magnetic structures.
Except for Ni-AGNR which is found to be nonmagnetic, each ribbon considered shows spin polarized edges with ferromagnetic ordering of the metal atoms at each edge for the lowest-energy state. In Table I we show examples of 10-TMZGNRs and 17-TM-AGNRs. Besides that the AFE state of Ni-ZGNR is found to be not stable at all, it is clearly shown that AFE state with antiferromagnetically ordered spins at each edge are not favored, with a large energy difference as compared to FM or AF states. Though in the Fe-AGNRs and Co-AGNRs the metal terminations alternatively bond to the opposite sublattices of GNR along each armchair edge, the favorable FM (or AF) state is consistent with the ferromagnetic ordering found in the ground states for Fe, Co and Ni monatomic chains 13 . In Fe-ZGNRs and Co-ZGNRs the energetic disadvantage of AFE state is very obvious, and can be explained by the interactions between the magnetic tails of the edge spins 3 , since the metal atoms always bond to the same sublattices of GNR at each zigzag edges. Generally the magnetic moment of the ribbon comes mostly from the metal atoms and their nearest-neighbor C atoms at the edges, and the edge C atom presents magnetization antiparallel to the nearby metal atom, as shown in Table I for ribbons with FM states. In the AF state the moments at two edges have exact the same values but with opposite signs, thus the net magnetic moment of the ribbon is zero.
The magnetic order between the two edges for the ground state can be either FM or AF favored depending on the interedge magnetic coupling. Flipping the spin moments of one of the edges will result a total energy change in the system for comparable size of the magnetic moments at the metal terminations. The interedge magnetic interaction strength can be identified by the total energy difference ∆E total FM−AF between the FM and AF states. Our calculations show that the ground states of Fe-ZGNRs are always AF, similar to H-ZGNRs and ZGNRs without H-passivation [3] [4] [5] . The behavior of the ∆E as a function of the ribbon width is shown in Fig. 2 (a) . For Nz > 4 the ∆E total FM−AF decreases almost linearly with increasing ribbon widths, in agreement with a recent calculation by Ong et al. 8 . However, in the case of 2-Fe-ZGNR the ∆E total FM−AF is much lower than that of 3-Fe-ZGNR.
Contrary to the case of Fe-ZGNRs, we find that the interedge magnetic coupling of Co-ZGNR with a finite width is always FM, as shown in Fig. 2 (a) . The absolute value of difference in total energy also decay as N z increases. It becomes negligible when the two edges are separated by a large ribbon width. By fitting the ∆E total FM−AF variation with w, one obtains a decay law close to w −2.5 . However, the almost monotonic width dependence of coupling for Fe-ZGNR and Co-ZGNRs shown in Fig. 2 (a) are only part of the story and will be re-examined later. The smaller amplitude of interedge magnetic interaction in Co-ZGNR at large w as compared to Fe-ZGNR is primarily due to the fact that magnetic moments of Co-ZGNRs are more localized localized at the edges 7 . Inside the Co-ZGNR the magnetic tails of the edge moments decay much faster than Fe-ZGNR, resulting almost zero moments in the inner C atoms of the ribbon. This localization effect is more remarkable in the case of Ni-ZGNRs. The interedge exchange interaction is found to be negligible in NiZGNRs, as the FM and AF states become almost degenerate at even the shortest width with Nz = 2. The total energy difference between FM and AF states can be separated into non-interaction one-electron (kinetic), Hartree (electrostatic) and exchange-correlation (XC) contributions:
A close inspection of the ∆E XC FM−AF curves in Fig.2 (a) shows that the XC contribution to the total energy, is clearly responsible for the different type of interedge coupling in Fe-ZGNRs and Co-ZGNRs. For Fe-ZGNRs the ∆E XC FM−AF is always positive, while in Co-ZGNRs the ∆E XC FM−AF is negative but become negligible for large interedge distances. A comparison between ∆E XC FM−AF and ∆E total FM−AF indicates that FM coupling always lower the kinetic and electrostatic (KE) parts of the contribution for both Fe-ZGNRs and Co-ZGNRs, especially for ribbons with short interedge distances. However, the two edges of Fe-ZGNR are still AF coupled resulting from a large energy difference from the XC contribution. Take the 2-Fe-ZGNR as an example: the FM coupling lowers the KE contributions to the total energy by 41 meV/unit-cell but at a cost of −61 meV/unit-cell in the XC contribution, resulting a ∆E XC FM−AF = 20 meV/unit-cell for an AF coupling as the ground state.
For GNRs with armchair edges terminated by Fe and Co atoms, the interedge coupling between the two edges favor either AFM or FM depending on the ribbon width. The energy difference between the FM and AF states as a function of the ribbon width is plotted in Fig.2 (b) . A damped oscillatory behavior, as shown in Fig.2 The well-known long-range RKKY interaction between two magnetic impurities in a non-magnetic host material is mediated by the conduction electrons of the host, and the coupling strength J can be written as 15, 16 
where D is the assumed dimensionality, w is the distance between two impurities and k F is the wavevector at the Fermi level. By choosing dimensionality D = 1 and set w as the interedge distance of the ribbon, our results of the total energy difference ∆E total FM−AF (w) ∝ J(w) can be fitted very well using Eq. (2) with a period T A = π/k F of about 3.7 Å for both Fe-AGNRs and Co-AGNRs and slightly different phase φ. This is analogous to the case of the interlayer exchange coupling between ferromagnetic layers separated by nonmangnetic metallic spacer 17 , where a two-dimensional range func-
2 , is used to describe the oscillatory behavior of the coupling strength as a function of the spacer thickness d. The q F , which determines the oscillation period, is the critical spanning vector parallel to the interface normal that connects two sheets of the Fermi surface of the spacer at a point where they are parallel to each other. Similarly, here we find that the fitted 2k F = q F is exactly the critical spanning vector connecting two inequivalent Dirac points K and K ′ in the Brillouin zone of graphene in the direction of the metal-AGNR interface (along the armchair edges) normal, which is shown in Fig.3 . Another spanning vector q which connects two equivalent Dirac points K-K or K ′ -K ′ , determines the oscillation period T Z of the interedge coupling for ZGNRs. However, following the discussion above we get T Z = 2π/q ′ F = 2.1 Å which coincides with the interedge lattice spacing in ZGNRs. This clearly explains why the damped oscillatory behavior is not shown in actual width dependence of the ∆E total FM−AF for either Fe-ZGNRs or Co-ZGNRs but a monotonic behavior.
The width dependences of the XC and KE contributions to the total energy difference are also shown in Fig.2 (b) In summary, we have presented a study of the interedge magnetic coupling of Fe, Co and Ni terminated graphene nanoribbons through first-principles calculations. We find that the ferromagnetic ordering of the metal terminations at each edge of the ribbon is favored for both ZGNRs and AGNRs. Whether the interedge magnetic coupling is ferromagnetic or antiferromagnetic depends to a large extent on the type of metal atoms and edges, as well as the ribbon width. The two edges for Fe-ZGNR are found to be antiferromagnetically coupled while for Co-ZGNR ferromagnetic coupling is favored, and the strength of the interedge exchange interaction decreases as the ribbon width increases. For both FeAGNRs and Co-AGNRs the interedge exchange interactions show damped oscillatory behavior as a function of the ribbon width with a period of about 3.7 Å. The interedge magnetic coupling is negligible in Ni-ZGNRs, and Ni-AGNRs are found to be nonmagnetic.
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